Abstract. Despite advancements in neurosurgery, chemotherapy and radiation therapy, the outcome of patients with glioblastoma remains poor. The migration of tumor cells from the primary tumor site with subsequent invasion of these cells into the surrounding normal brain tissue is frequently responsible for relapse and treatment failure. The present study hypothesized that snail homolog 1 (SNAI1), a factor critically involved in the epithelial-mesenchymal transition (EMT) of human carcinoma cells, may also contribute to an invasive EMT-like phenotype of glioblastoma cells. The majority of glioblastoma cell lines investigated in the present study expressed SNAI1 at basal levels. The present study overexpressed SNAI1 in glioblastoma cell lines by lentiviral transfer of human SNAI1 complementary DNA. In addition, the inhibition of SNAI1 expression was achieved by lentiviral transfer of a short hairpin RNA specific for SNAI1. SNAI1 overexpression increased proliferation of one of the cell lines, U251MG, but exhibited only a weak effect on the migration and invasion of glioblastoma cells. However, downregulation of SNAI1 significantly decreased the invasive capacity of all investigated cell lines. In parallel, regained expression of E-cadherin, a marker that is usually lost during EMT, was observed subsequent to SNAI1 knockdown in the glioblastoma cell lines U87MG and U251MG. The data of the present study suggest that certain key genes of the EMT in carcinoma are also involved in the migration and invasion of human glioblastoma cells.
Introduction
Approximately 1-2% of neoplastic diseases are located in the central nervous system (1) . The majority of these tumors, ~50-60%, are gliomas that develop more often in Caucasian patients compared with those of Asian or African origin (2) . The incidence of gliomas is 5-11/100,000 in Western Europe, Australia and Northern America (3) . The majority of patients are older than 50 years, and males are more often affected than females (4) . In Germany, every year ~65 children are diagnosed with high-grade glioma (HGG) (5) . Despite advancements in neurosurgery, chemotherapy and radiation therapy, the outcome remains poor, with a median survival subsequent to diagnosis of only 14 months (6) . Glioblastoma multiforme is the most common type of HGG, accounting for ~50% of cases (7) . The tumors may be located in all parts of the brain, but are mostly located supratentorially within the cerebral lobes (8) .
The histogenetic origin of glioma cells is not clear yet. Since the beginning of the 20th century, it has been assumed that the tumor cells develop from precursor glial cells (9, 10 ). An association with neuroectodermal stem cells appears to be possible (1) .
For glioblastoma, an association between clinical characteristics, histology and genetics may be observed (11, 12) . The malignant progression is associated with an abnormal expression of proto-oncogenes and tumor-suppressor genes (7, (13) (14) (15) .
The poor outcome following treatment of glioblastoma is likely associated with the invasive capability of the tumor cells. Even subsequent to gross total tumor resection, vital tumor cells may have already migrated into the surrounding brain tissue, unnoticed during surgical intervention. The infiltrative growth of glioblastomas is mediated by the interplay of cell invasion, cell motility and the interaction between matrix proteins and growth factors (16, 17) . However, models for glioma cell migration and invasion are missing. Thus, the adaptation of models from other types of tumor disease may be a promising method. In carcinoma, the change from a local carcinoma into an infiltrative and metastasizing tumor is described by the model of epithelial-mesenchymal transition (EMT) (18) . Under certain circumstances, epithelial cells may adopt a mesenchymal phenotype (19) (20) (21) (22) . This change is marked by the replacement of E-cadherin (CDH1) by N-cadherin. Another important protein in this process is vimentin (VIM), which allows the shape of tumor cells to change, thus enabling these cells to move into the extracellular matrix (23) . Notably, not all cells undergoing EMT exhibit all the EMT-specific features. Some tumors exhibit only certain EMT-typical changes or opposed phenotypical changes in terms of mesenchymal-epithelial transition (24) (25) (26) .
Several EMT inducers have been described, including transforming growth factor-β (TGF-β), snail homologs 1 and 2 (SNAI1/SNAI2), twist homolog 1 (TWIST1) and wingless-type mouse mammary tumor virus integration site family members (WNT) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) . The progression of tumors may also be part of EMT programs (34) . The effect of TWIST1, a gene involved in EMT programs in carcinoma, on the invasion level of glioblastoma was previously described (35) . A central role of the nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB) pathway in the induction of EMT has been revealed in different tumor models (36) .
The present study focused on the effect of the EMT-inducer SNAI1 on the proliferation, migration and invasion of human glioblastoma cells. SNAI1 belongs to the family of snail genes. The members of the snail superfamily encode for zinc finger transcriptions factors and serve an important role during the development of the mesoderm and transcriptional-repressor functions (37) (38) (39) (40) . Another function of SNAI1 is its role in cell death and cell survival programs (41, 42) . SNAI1, as a key EMT-associated gene, is involved in several pathways, including the TGF-β, WNT, NOTCH and endothelin receptor A pathways (39, 42) . In addition, the direct inhibition of expression of CDH1, the hallmark of EMT, is mediated by members of the snail superfamily (43) .
Materials and methods
Cell culture. The human glioblastoma U87MG (44) (48) . For lentiviral vector production, the envelope plasmid pczVSV-G and helper plasmid pCD/NL-BH, both donated by Professor H. Hanenberg, were co-transfected with puc2CL6IN-SNAI1 or the control vector puc2CL6IN into HEK293T cells. The resulting lentivirus-containing supernatants were used to infect U87MG, T98G, LN-18 and U251MG glioblastoma cells. Three independent transductions were performed. Selection of transduced cells was performed with 1 mg/ml G418 (PAA Laboratories; GE Healthcare Life Sciences).
Knockdown of SNAI1 in tumor cell lines.
Potential short hairpin RNA sequences for knockdown of SNAI1 in tumor cells were identified using the BLOCK-iT TM RNAi Designer (Invitrogen; Thermo Fisher Scientific, Inc.). The two oligonucleotides 5'-CGC GTC CCC GCTG CAG GAC TCT AAT CCA T TC AAG AGA TGG ATT AGA GTC CTG CAG CTT TTT GGA A AT T-3' and 5'-AGG GGC GAC GTC CTG AGA TTA GGT AAG TTC TCT ACC TAA TCT CAG GAC GTC GAA AAA CCT TT A GC-3' were annealed and cloned in the enhanced green fluorescent protein (EGFP)-containing lentiviral vector pCL2. THPC, donated by Professor H. Hanenberg. The production of the lentiviral vectors, infection and selection of lentivirally transduced U87MG, T98G, LN-18 and U251MG cell lines was performed as aforementioned. A total of three independent transductions were performed.
RT-quantitative (q)PCR.
Total RNA was isolated from glioblastoma cell lines using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.). First strand cDNA synthesis was performed with 2 µg total RNA using oligo-(dT) [12] [13] [14] [15] [16] [17] [18] primers (Fermentas; Thermo Fisher Scientific, Inc.). RT was carried out with Moloney Murine Leukemia Virus Reverse Transcriptase (Fermentas; Thermo Fisher Scientific, Inc.), for 1 h at 37˚C. A total of 2 µl cDNA was amplified by PCR [25 (β-actin) or 35 (other targets) cycles of 94˚C for 30 sec, 60˚C for 35 sec and 72˚C for 45 sec] using Taq polymerase (Promega Corporation) in a final volume of 25 µl in a Mastercycler personal (Eppendorf, Hamburg, Germany). All primers were purchased from Invitrogen; Thermo Fisher Scientific, Inc. The following primers were used: β-actin (ACTB) forward, 5'-GGC ATC GTG ATG GAC TCC G-3' and reverse, 5'-GCT GGA AGG TGG ACA GCG A-3'; CDH1 for wa rd, 5'-GCT GGA GAT TAA TCC GGA CA-3' and reverse, 5'-ACC CAC CTC TAA GGC CAT CT-3'; EGFP forward, 5'-ACG TAA ACG CCC ACA AGT TC-3' and reverse, 5'-AAG TCG TGC TGC TTC ATG TG-3'; lymphoid enhancer-binding factor 1 (LEF1) forward, 5'-AGC ACT TTT CTC CAG GGT CA-3' and reverse, 5'-CCC GTG ATG GGA TAT ACA GG-3'; neomycin phosphotransferase II forward, 5'-AGA CAA TCG GCT GCT C TG AT-3' and reverse, 5'-AGT GAC AAC GTC GAG CAC AG-3'; NF-κB1 forward, 5'-CAC CTA GCT GCC AAA GAA GG-3' and reverse, 5'-TCA GCC AGC TGT TTC ATG TC-3'; SNA I1 forward, 5'-ACC CCA CAT CCT TCT CAC TG-3' and reverse, 5'-CCG ACA AGT GAC AGC CAT-3'; and TWIST2 forward, 5'-CGA GGA GGA GCT CGA GAG G-3' and reverse, 5'-CTA GT G GGA GGC GGA CAT-3'. RT-qPCR was performed using the Maxima SYBR-Green qPCR Master Mix kit (Fermentas; Thermo Fisher Scientific, Inc.) using the following conditions: Denaturation, 94˚C for 45 sec; annealing, 62˚C for 45 sec; and elongation 72˚C for 60 sec. Each reaction was subjected to melting temperature analysis to confirm the presence of the expected products. Specific gene amplification was normalized to ACTB. Target genes and ACTB were amplified with 40 cycles using a Rotor Gene RG-3000 (Corbett Life Science; Qiagen GmbH, Hilden, Germany) and Rotor Gene 6 software version 6.1 (build 93; Corbett Life Science; Qiagen GmbH).
Relative expression values were calculated using the 2 -ΔΔCq method (49) .
Cell proliferation assay. Analysis of cell proliferation was performed with the MTT Cell Proliferation kit (Roche Applied Science, Mannheim, Germany) according to the protocol of the manufacturer. The cells were seeded at a density of 1x10 3 cells/well in 96-well plates for 72 h in a humidified, 5% CO 2 atmosphere at 37˚C. Turnover of MTT was detected using an ELx808 microplate reader (BioTek Instruments, Inc., Winooski, VT, USA).
Cell migration assay. To analyze tumor cell migration, ThinCert cell culture inserts with a pore size of 8.0 µm (Greiner Bio-One GmbH, Frickenhausen, Germany) were used. The tumor cells were washed twice with PBS, suspended in serum-free medium containing 0.2% bovine serum albumin (BSA; SERVA Electrophoresis GmbH, Heidelberg, Germany) and cultured in cell culture flasks overnight in a humidified, 5% CO 2 atmosphere at 37˚C. On the next day, the wells of a 24-well plate were filled with 600 µl medium (DMEM with 10% FCS, 100 U/ml penicillin and 100 µg/ml streptomycin), and a ThinCert insert was placed in every well. Subsequently, 2x10 5 tumor cells in 200 µl serum-free medium (DMEM with 0.2% BSA) were placed in the inserts. After 24 h, the ThinCert inserts containing the cells were removed and placed in new wells of a 24-well plate containing 500 µl trypsin/EDTA solution. The corresponding cell numbers were subsequently determined using a Neubauer chamber following staining with trypan blue (Invitrogen; Thermo Fisher Scientific, Inc.).
Matrigel invasion assay.
To investigate the invasion capacity of the different glioblastoma cell lines, a Matrigel invasion chamber (BD Biosciences, Franklin Lakes, NJ, USA) was used. The cell lines were harvested and resuspended in DMEM containing 0.1% BSA at a concentration of 5x10 4 cells/ml. Matrigel invasion and BD BioCoat Control inserts (BD Biosciences) were filled with 0.5 ml DMEM pre-warmed to 37˚C containing 0.1% BSA. After 2 h the medium was removed and the inserts were transferred into 24-well plates containing DMEM with 10% FCS as a chemoattractant. Immediately thereafter, 0.5 ml cell suspension was added to the inside of the insert. The Matrigel invasion and control chambers were incubated for 24 h in a humidified, 5% CO 2 atmosphere at 37˚C. Inserts with invaded cells were stained with Diff-Quick (Medion Grifols Diagnostics AG, Düdingen, Switzerland). To determine the number of invaded cells, membranes were cut and placed on a microscope slide with a drop of immersion oil, and the cells were counted using an Axiolab light microscope (Zeiss GmbH, Jena, Germany). To calculate the percentage of invading cells, the mean number of cells invading into the Matrigel insert membrane was divided by the mean number of cells migrating through the control inserts and multiplied by 100.
Statistical analysis. Statistical analysis was performed using Microsoft Excel 2010 (version 14.0.7128.5000; Microsoft Corporation, Redmont, WA, USA), Student's t-test was used to analyze differences. P<0.05 was considered to indicate a statistically significant difference.
Results

Modulation of EMT-associated genes by overexpression of SNAI1 in glioblastoma cells.
To investigate the effect of SNAI1 on glioblastoma cells, glioblastoma U87MG, T98G, LN-18 and U251MG cell lines were transduced with lentiviral vectors allowing the overexpression or inhibition of SNAI1. Neither SNAI1 overexpression nor inhibition changed the microscopic appearance (size and shape) of the cells. SNAI1 overexpression was confirmed by RT-qPCR analysis (Fig. 1) . In all used glioma cell lines, the expression of SNAI increased following transduction. A significantly (P<0.05) increased proliferation rate of SNAI1-overexpressing U251MG cells compared with the vehicle control (Fig. 2) was observed. The three other cell lines exhibited no significant proliferative changes upon SNAI1 overexpression. Furthermore, none of the cell lines exhibited significant changes on their migration rate, although there was a tendency towards a relative higher migration rate in the U87MG, T98G and LN-18 cell lines (Fig. 3A) . Similarly, no significant differences in the invasion rate were detectable when comparing each cell type to the control (Fig. 3B) .
The present study investigated whether EMT target genes may be affected by the overexpression of SNAI1 in glioblastoma cells. The regulation of TWIST2 in three of four glioma cell lines, U87MG, T98G and U251MG, upon SNAI1 overexpression (Fig. 4) was observed. In addition, RT-PCR revealed an increased expression of NF-κB1 in SNAI1-overexpressing U87MG and T98G cells. On the contrary, the overexpression of SNAI1 resulted in the decreased expression of NF-κB1 in LN-18 cells and U251MG cells. LEF1 exhibited low expression in untreated U87MG, LN-18 and T98G cells. An increased LEF1 expression was also detected in T98G and U251MG cells upon SNAI1 overexpression (Fig. 4) . No differences were observed for VIM, which was stably detectable in U251MG, T98G and U87MG cells. CDH1 was absent from all cell lines independent from SNAI1 transduction (data not shown; see also below; Fig. 5A ).
Re-induction of CDH1 subsequent to knockdown of SNAI1 in glioblastoma cells. Upon SNAI1 inhibition, as confirmed by RT-PCR analysis (Fig. 5A) , a significantly higher proliferation rate in the cell line T98G was observed. In all the other cell lines, no significant effect on cellular proliferation was observed (Fig. 5B) . Loss of CDH1 is a central step during EMT, accompanying the establishment of a highly infiltrative and metastasizing tumor phenotype (50) . Thus, it was notable to observe that two out of four cell lines (U87MG and U251MG; Fig. 5A ) regained CDH1 expression upon inhibition of SNAI1. No changes in the expression of VIM were observed (data not shown). The migration rate appeared relatively decreased compared with the mock transfected cells in the cell lines T98G, LN-18 and U251MG, but the differences did not reach significance (Fig. 6A) . In U87MG cells, the migration rate was enhanced. However, the invasion capability significantly decreased in all four human glioma cell lines subsequent to SNAI1 inhibition (Fig. 6B) .
Discussion
EMT represents a well-established model explaining the switch from a local into an infiltrating and metastasizing carcinoma phenotype on a signal transduction level (50) . The present study investigated if this model may also be adaptable to human glioblastoma cells, which are characterized by extensively infiltrating tumor cells (16, 17) .
A key gene of EMT is SNAI, which is involved in different signaling pathways that downregulate CDH1 expression as a hallmark of EMT (50) . A baseline SNAI1 expression in all investigated four human glioma cell lines, U87MG, T98G, U251MG and LN-18, was observed in the present study. High SNAI1 baseline expression may contribute to the infiltrative and migratory phenotype of glioblastoma cells, similar to EMT-associated functions of SNAI in carcinoma cells (51) . Growth inhibition of U87MG cells subsequent to knockdown of SNAI1 has been described (37) . The present study did not observe inhibition of proliferation subsequent to SNAI1 knockdown in any of the investigated cell lines. This divergence may be a consequence of experimental differences. For instance, viral transduction was used for genetic engineering, whereas in the study by Han et al (37) , transfection of small interfering RNA was performed. In addition, proliferation was not investigated directly in the present study. Han et al (37) used a viability assay that depends on an intact respiratory chain, whereas the present study used an assay that depends on intact glycolysis. The effect of SNAI1 on the proliferation of glioma cells requires additional investigation.
The SNAI baseline expression may also be responsible for the observation of the present study that the additional increase in SNAI expression subsequent to lentiviral gene transfer did not result in significantly increased cell migration or invasion in any investigated cell line, although there was at least a tendency towards increased cell migration subsequent to SNAI overexpression in the majority of the cell lines. RT-PCR analyses of EMT target genes in the four glioblastoma cell lines also exhibited heterogeneous results. Mock transfected cell lines displayed no baseline expression of TWIST2, but the overexpression of SNAI1 induced a high expression of TWIST2 in three of four cell lines. TWIST2 is known as a direct inducer of EMT (52, 53) . In addition, there is evidence that TWIST1 may act as a potential oncogene in gliomas exhibiting an increased expression of TWIST1 during the transformation from low-grade glioma to HGG (54) . There appear to be different signaling pathways involved in TWIST activation upon the induction of SNAI expression in the various glioblastoma cell models used in the present study. In U87MG and T98G cells, the activation of TGF-β-dependent signaling pathways appeared to be involved, as these cells exhibited increased NF-κB1 expression upon induction of SNAI expression; NF-κB1 is one of the key genes of the TGF-β pathway, but may also be involved in other pathways (55) . However, in LN-18 and U251MG cells, NF-κB1-associated signaling did not appear to be driving TWIST expression subsequent to SNAI gene transfer. In these cell lines, NF-κB1 expression decreased subsequent to the overexpression of SNAI1.
In T98G and U251MG cells, the WNT signaling pathway appears to be activated subsequent to SNAI gene transfer. In the present study, increased expression of TWIST and LEF1 as target genes of the canonical WNT pathway was observed. However, the present study did not additionally corroborate if the activation of WNT signaling led to TWIST expression or vice versa. The involvement of WNT and TWIST in EMT is well known, and it has been shown that TWIST may activate canonical WNT signaling in carcinoma (56) .
However, the involvement of SNAI1 in EMT-like pathways appeared much clearer following inhibition of SNAI expression compared with overexpression of SNAI1. Subsequent to the inhibition of SNAI1 by lentiviral knockdown, re-expression of CDH1 in U87MG and U251MG cells was observed. Since in carcinoma cells the downregulation of CDH1 expression represents the hallmark of EMT induction, the finding of the re-induction of CDH1 expression subsequent to SNAI inhibition may provide indirect evidence that there may be an EMT-like phenotype in human glioblastoma. CDH1 was not expressed in wild-type or SNAI1-overexpressing glioblastoma cells, but was induced in half of the cell lines subsequent to the knockdown of SNAI1. This observation is in agreement with the significantly lower cellular invasion capabilities observed subsequent to the inhibition of SNAI expression.
Cell lines are suitable models for glioblastoma research in vitro (57, 58) . However, cell culture-dependent effects may also be observed with respect to the behavior of tumor cells, and certain widely used tumor cell lines do not exhibit the typical glioblastoma growth pattern in xenotransplantation models (59) . Therefore, the analysis of SNAI1 and interacting factors in patient-derived material is required.
Taken together, the data of the present study may indicate that EMT-like processes similar to those in carcinoma may also occur in human glioblastoma, thereby potentially contributing to their aggressive and invasive phenotype. However, systematic investigation of the key EMT genes and associated signaling pathways is required to obtain a more comprehensive overview, as the signaling network may be the same as that in carcinoma or there may be differences. In addition, an analysis of the involved factors at the protein level will increase the level of information about the relevant pathways.
